Oxide and nitride nanotubes have gained attention for their large surface areas, wide energy band gaps, and hydrophilic natures for various innovative applications. These nanotubes were either grown by templates or multistep processes with uncontrollable crystallinity. Here the authors show that single crystal ZnO nanotubes can be directly grown on planar substrates without using catalysts and templates. These results are guided by the theory of nucleation and the vapor-solid crystal growth mechanism, which is applicable for transforming other nanowires or nanorods into nanotubular structures.
Oxide and nitride nanotubes are unique for their wide energy band gaps and hydrophilic natures, which are not available from carbon nanotubes. GaN, 1 silica, 2 ZnO, 3, 4 and TiO 2 ͑Ref. 5͒ nanotubes have been synthesized by using multistep processes with templates or hydrothermal techniques. Some exciting applications including photochemical cells, 5 nanofluidic transistors, 6 and DNA sensors 7 have been demonstrated with the use of these nanotubes. Among these materials, ZnO nanotubes have generated significant interests due to their multifunctional properties. Various ZnO nanostructures have been reported including nanowires 8, 9 and nanobelts 10 for their electronic, 11, 12 optics, 13 mechanical, 14 and piezoelectric 15 applications. ZnO nanotubes are expected to accomplish the uses of other ZnO nanostructures for applications at the cutting edge of nanoscale. These nanostructures will enable unique electronic, optical, photochemical, nanofluidic, biological, and chemical applications.
Crystal quality of these oxide and nitride nanotubes is important for their optimum physical properties and performance. Thus it is desired to establish basic understanding on the growth of single crystalline ZnO nanotubes using the conventional thermal chemical vapor deposition ͑CVD͒ technique. Based on the theory of nucleation and vapor-solid crystal growth, we have experimentally proven the direct growth of single crystalline ZnO nanotubes without the use of multiple processes, catalysts, or templates. According to the theory of nucleation, the probability of nuclei formation is given by 16, 17 
In ␣͒, where A is a constant, is the surface energy, ␣ − 1 is the supersaturation, ␣ = p / p 0 , p is the pressure of vapor, p 0 is the equilibrium vapor pressure of the condensed phase at that temperature, k is the Boltzmann constant, and T is the temperature in Kelvin. In addition, the binding energy of an ionic growth species ͑and generally for nonionic growth species too͒ on a substrate is given by 18 E = ␤͑q 2 / a͒, where ␤ is a numerical factor which depends on the site of the deposition, a is the lattice spacing, and q is the charge of the ion. These ions prefer to condense on locations with the maximum number of nearest neighbors. Thus for a growth surface with a step as shown in Fig. 1͑a͒ , ions prefer to condense at sites 6, 5, 1, 4, 2, and 3, according to sequence since
18 Thus an atomically flat layer will always spread from the edges under conditions with sufficient surface energy.
For a flat two-dimensional ͑2D͒ growth surface without steps, only sites 1, 2, and 3 exist. In this case, higher binding energies at the edges ͑sites 1 and 2͒ will enable selective condensation of growth species at the edges. For ZnO, it is well known that the growth rate along the c axis is relatively faster. 8, 9 At decreased growth temperatures, the nucleation probability P N and the surface migration will be suppressed. Thus if the growth temperatures are low enough to suppress migration along the 2D surface of the c plane but high enough to sustain the growth along the c axis, the condensation and growth will be limited at the edges of the c plane of ZnO, as shown in Fig. 1͑b͒ . Under these conditions, the growth of ZnO nanotubes along the c axis will be possible. However, if steps or vacancies are found in locations beyond the edges, nucleation will also take place at these sites as shown in Fig. 1͑c͒ Based on this model, we have conducted a series of experiments to first start the growth of the c surfaces of ZnO nanorods and then decrease the growth temperatures for the formation of the ZnO nanotubes. The growth was performed in a horizontal furnace consisting of a quartz tube vacuum chamber. A smaller quartz tube ͑60 cm long and 2 cm in diameter͒ containing the precursor materials and the substrates was placed within the vacuum chamber. A mixture of ZnO ͑0.2 g͒ and graphite ͑0.1 g͒ powder in an alumina boat was used as the precursor materials. These are placed at the closed end of the smaller quartz tube, as shown in Fig. 2͑a͒ . A series of oxidized silicon substrates ͑1-4͒ was then placed downstream from the mixture in the small quartz tube. The small tube was then inserted into the vacuum chamber such that the closed end is at the center of the furnace. The temperature of the furnace was raised to 1100°C. At ϳ350°C, oxygen gas was introduced into the furnace at a flow rate of 40 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒. The temperature was held at 1100°C for 30 min and turned off to allow cooling to 600-700°C in ϳ30 min. Then experiments are terminated by cooling the system to RT by opening the heating panel of the furnace. According to a calibration experiment, when the furnace is heated at 1100°C, the temperatures of substrates 1-4 are about 700, 600, 500, and 420°C, respectively. These temperatures will be lower as the furnace temperatures decrease from 1100°C. After the growth, all samples were examined with scanning electron microscopy ͑SEM͒. In all experiments, no coating was formed on substrate 1. ZnO Nanorods with sharp tips were grown on substrates 2 and 3, as shown in Figs. 2͑b͒ and 2͑c͒, respectively. We detected ZnO nanotubes only on substrates 4, as shown in Fig. 2͑d͒ . The diameters of these nanotubes are between 80 and 500 nm near the opened tips.
The appearance of these ZnO nanotubes is highlighted in Fig. 3 . Some of these nanotubes have single tubular channel, as shown in Figs. 3͑a͒ and 3͑b͒ , which is as predicted by theory. As shown in Figs. 3͑c͒ and 3͑d͒ , some of these nanotubes have multiple channels. The formation of these multichannel nanotubes is also expected by the nucleation model discussed earlier. During the nucleation and growth, steps or vacancies could be formed at locations beyond the edges, as shown in Fig. 1͑c͒ . Especially at suppressed growth temperatures, the formation of steps and vacancies will induce the formation of addition islands at these locations. These islands will tend to merge with the edges so as to reduce their surface energy ͑larger island, lower surface energy͒. 18 These processes are accompanied by the growth along the c axis and thus transform the single channel nanotubes to multichannel structures.
Obviously, the diameters of these ZnO nanotubes resembled those of the ZnO nanorods. Since the substrate surfaces are smooth as inspected by SEM ͑Hitachi S-4700, resolution of ϳ2.1 nm at 1 kV͒, the diameters of these nanotubes and nanorods ͑ϳ80-600 nm͒ are unlikely to be determined by surface steps or roughness of the substrates. We anticipate that the diameters of the ZnO nanotubes can be controlled by the growth conditions including the partial vapor pressures and the growth temperatures. Figure 4͑a͒ shows the typical x-ray diffraction spectra of these nanotube samples. These spectra can be indexed for diffractions from the ͑002͒, ͑101͒, ͑102͒, and ͑103͒ planes of wurtzite crystals with lattice constants a = 0.325 mm and c = 0.521 nm, which are corresponding to ZnO. The predomi- nated ͑002͒ peak indicates that these ZnO nanotubes are preferentially grown in the ͓0001͔ direction since these nanotubes are partially vertically aligned on the substrates. The ͑101͒, ͑102͒, and ͑103͒ peaks may be induced by the imperfect vertical alignment as well as other trace nanostructures. We have further verified that these ZnO nanotubes are grown along the ͓0001͔ axis by transmission electron microscopy ͑TEM͒. Figure 4͑b͒ shows the hollow tubular tip of a ZnO nanotube at low resolution TEM. A high resolution TEM image ͓Fig. 4͑c͔͒ indicates that these ZnO nanotubes are single crystalline with the growth direction ͑arrows͒ aligned to the c axis of ZnO with lattice spacing of 0.526 nm.
These ZnO nanotubes are then analyzed by photoluminescence ͑PL͒. A predominant emission peak at ϳ380 nm is observed and corresponds to the near-band-edge emission of ZnO attributed to the recombination of the free excitons ͓Fig. 5͑a͔͒. A weak broad emission at ϳ600 nm is attributed to intraband defect levels including the singly ionized oxygen vacancy in ZnO. For example, emission of ϳ520 nm is generated from the recombination of a photogenerated hole with an electron occupying the oxygen vacancy. 19 Raman spectra of these ZnO nanotubes as excited by a HeNe laser ͑wavelength= 632.8 nm͒ indicate phonon frequencies at 331, 380, 438, and 581 cm −1 , which are corresponding to the E 2H -E 2L , A 1T , E 2H , and E 1L phonon modes of ZnO ͑Refs. 20 and 21͒ ͓Fig. 5͑b͔͒. The detected PL and Raman signals indicate that the ZnO nanotubes maintain the band structures and crystalline structures of the bulk wurtzite ZnO crystals.
In summary, we demonstrate a promising route of growing single crystalline ZnO nanotubes without catalysts and templates by conventional thermal CVD technique. These ZnO nanotubes were grown on the c surfaces of ZnO nanorods, as predicted by the theory of nucleation and vapor-solid crystals growth. In principle, the height of these nanorod bases can be minimized so that nanotubes with longer tubular section can be formed. 
